ABSTRACT: White spot syndrome virus (WSSV) and Taura syndrome virus (TSV) are highly patho genic to penaeid shrimp and have caused significant economic losses in the shrimp culture industry around the world. During 2010 and 2011, both WSSV and TSV were found in Saudi Arabia, where they caused severe mortalities in cultured Indian white shrimp Penaeus indicus. Most outbreaks of shrimp viruses in production facilities can be traced to the importation of infected stocks or commodity shrimp. In an attempt to determine the origins of these viral outbreaks in Saudi Arabia, we performed variable number of tandem repeat (VNTR) analyses for WSSV isolates and a phylogenetic analysis for TSV isolates. From the WSSV genome, the VNTR in open reading frames (ORFs) 125 and 94 were investigated with PCR followed by DNA sequence analysis. The genotypes were categorized as {N 125 , N 94 } where N is the number of repeat units in a specific ORF, and the subscript indicates the ORF (i.e. ORFs 125 and 94 in this case). From 15 Saudi Arabia WSSV isolates, we detected 3 genotypes: {6 125 , 7 94 }, {7 125 , del 94 }, and {8 125 , 13 94 }. The WSSV genotype of {7 125 , del 94 } appears to be a new variant with a 1522 bp deletion encompassing complete coding regions of ORF 94 and ORF 95 and the first 82 bp of ORF 93. For TSV genotyping, we used a phylogenetic analysis based on the amino acid sequence of TSV capsid protein 2 (CP2). We analyzed 8 Saudi Arabian isolates in addition to 36 isolates from other areas: SE Asia, Mexico, Venezuela and Belize. The Saudi Arabian TSV clustered into a new, distinct group. Based on these genotyping analyses, new WSSV and TSV genotypes were found in Saudi Arabia. The data suggest that they have come from wild shrimp Penaeus indicus from the Red Sea that are used for broodstock.
INTRODUCTION
Viral diseases have caused significant economic losses for the shrimp farming industry around the world. Among these, white spot syndrome virus (WSSV) is the most serious threat; economic losses in production and trade have been reported to approach US$10 billion (Stentiford et al. 2009 , Lightner 2011 . Taura syndrome virus (TSV) is the second most important virus, which has caused approximately US$1.5 to 3 billion in losses (Lightner 2011 ).
WSSV and TSV are both extremely virulent, and infection can result in high (40 to 100%) mortalities in populations of farmed shrimp. WSSV is a large (70 to 150 × 275 to 380 nm), enveloped, doublestranded (ds) DNA virus with a genome size of over 300 kb (Van Hulten et al. 2001 , Yang et al. 2001 . TSV is a small, non-enveloped, ssRNA virus with a genome size of 10 kb (Mari et al. 2002) . Both viruses were first reported around 1991 to 1992; WSSV was originally found in SE Asia (Huang et al. 1994 , Inouye et al. 1994 ) and TSV initially appeared in Ecuador (Lightner et al. 1995) . These viruses spread quickly, and epidemics were occurring throughout the world by the late 1990s. During 2010 , both WSSV (OIE 2011a and TSV were detected in the Kingdom of Saudi Arabia, where they have severely affected shrimp production.
To better understand the origins and the spread of these viruses within Saudi Arabia, we applied molecular genotyping to characterize viral isolates collected from infected populations. Both viruses have been detected in almost all the major shrimp farming countries, and genotyping methods have been developed to characterize and differentiate among geographic isolates. WSSV genotyping is based on the variable number of tandem repeat (VNTR) analyses within open reading frame (ORF) 125 (69 bp for each repeat unit [RU] ) and ORF 94 (54 bp per RU). These VNTR analyses have been used in several epidemiological studies (Wongteerasupaya et al. 2003 , Dieu et al. 2004 , Hoa et al. 2005 , Pradeep et al. 2008 , Muller et al. 2010 , Walker et al. 2011a . For TSV genotying, the capsid protein 2 (CP2) coding region varies among isolates and its sequence has been used for phylogenetic analysis (Tang & Lightner 2005 , Wertheim et al. 2009 .
In this study, we applied the VNTR analyses to characterize WSSV genotypes among 15 Saudi Arabian isolates and conducted a phylogenetic analysis to determine whether 8 TSV isolates clustered with the previously determined groups.
MATERIALS AND METHODS

Shrimp samples
Samples of Indian white shrimp Penaeus indicus (taxonomy according to Holthuis 1980) were collected from 4 shrimp farms (Farms A to D, Fig. 1 ) in Saudi Arabia during 2010 to 2011. One P. monodon sample from Mozambique (collected from the India Ocean) in 2011 was also included in this study. Each sample consisted of pleopods, or gills, or whole shrimp sampled from 1 to 5 individual shrimp. These were preserved in 95% ethanol and sent to the Aquaculture Pathology Laboratory at the University of Arizona for PCR (or reverse transcription PCR, RT-PCR) analyses for the presence of white spot syndrome virus (WSSV) and Taura syndrome virus (TSV). The presence of viruses was determined by PCR (RT-PCR) using methods recommended by the Office International des Epizooties (OIE 2011b); procedures are described in the following section. For genotyping of WSSV and TSV, 16 WSSV (including 1 Mo zam bique isolate, see Table 1 ) and 8 TSV representative isolates were analyzed. TSV isolates were designated by the country (e.g. SA: Saudi Arabia) and year of collection (e.g. 11: 2011); SA/11a and SA/11c were from Farm C, the remaining 6 isolates were from Farm D.
DNA extraction, WSSV PCR analysis and genotyping
Total DNA was extracted with a Maxwell-16 Cell LEV DNA purification kit (Promega) using the Maxwell 16 system (Promega). For WSSV detection, a nested PCR was performed with PuReTaq™ ReadyTo-Go™ PCR beads (GE Healthcare). Each reaction (final volume: 25 µl) contained 1 µl of extracted DNA (at concentrations of 100 to 300 ng µl −1 ), 2.5 U of PuReTaq™ DNA polymerase, 10 mM Tris-HCl, pH 9.0, 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM each of the dNTPs and 0.2 µM WSSV primers (first step primers: 146F1/R1, second step primers: 146F2/R2; OIE 2011b). Amplifications (both first and second step) were performed in a DNA thermocycler (Applied Biosystems) as follows: initial denaturation at 94°C for 2 min, followed by 30 cycles of 94°C for 30 s, 62°C for 30 s and 72°C for 30 s, and a final extension at 72°C for 2 min. Following this, an aliquot of the PCR mixture was analyzed in a 1.2% agarose gel For WSSV VNTR analysis within the ORF 125 region, PCR was performed using the Ready-ToGo™ PCR beads with primers ORF 125-flank (forward: 5'-CGA AAT CTT GAT ATG TTG TGC-3', reverse: 5'-CCA TAT CCA TTG CCC TTC TC-3'; Dieu et al. 2004 ). For VNTR analysis in ORF 94, we used primers ORF 94-F (5'-TCT ACT CGA GGA GGT GAC GAC-3') and ORF 94-R (5'-AGC AGG TGT GTA CAC ATT TCA TG-3'; Wongteerasupaya et al. 2003) . For WSSV isolates showing a deletion in ORF 94, primers ORF 93-F1 (5'-CGC CCT ATT ACC ATT GAT GC-3') and ORF 96-R1 (5'-GCA ACA AAT TCC CCT TTC AA-3') were used. Amplification was performed as follows: initial denaturation at 94°C for 5 min, followed by 35 cycles of 94°C for 30 s, 55°C for 30 s and 72°C for 1 min (1.5 min for primers ORF 93-F1/ORF 96-R1), and a final extension at 72°C for 7 min. PCR results were visualized as described above. The PCR pro ducts were purified with the QIAquick PCR puri fi cation kit (Qiagen), and DNA sequencing was performed by the Genomic Analysis and Technology Core facility at the University of Arizona using Sanger sequencing (Applied Biosystems 3730 DNA Analyzer).
From the nucleotide sequence, the number of tandem repeats within the ORFs 125 and 94 were analyzed with the Tandem Repeats Finder program (Benson 1999) .
Total RNA extraction, TSV CP2 RT-PCR and phylogenetic analysis
Total RNA was extracted with a Maxwell 16 Tissue LEV total RNA Purification kit (Promega) using the Maxwell 16 system. The presence of TSV was determined by a RT-PCR using the GeneAmp rTth RT-PCR (Applied Biosystems) and TSV primers 9195/ 9992 described in OIE (2011b). The extracted RNA was reverse transcribed at 60°C for 30 min, and the PCR was initiated at 94°C for 2 min, followed by 40 cycles of 94°C for 15 s, 60°C for 1 min, ending with 60°C for 5 min. For TSV genotyping, a RT-PCR was performed with a SuperScript one-step RT-PCR system with Platinum Taq DNA polymerase (Invitrogen). The CP2 region of the TSV genome was amplified with primers TSV-7879F (5'-CAA GCC TGT TTC CTG GGT GTC-3') and TSV-9251R (5'-GCT CAT TTA CTG TGA TAT CTT GAT TTG-3'). The RT-PCR profile was 30 min at 55°C, followed by 40 cycles of 94°C for 30 s, 55°C for 30 s and 68°C for 1.5 min. The amplified products were visualized, excised and purified for DNA sequencing as described in the previous section.
Amino acid sequences translated from the TSV CP2 region of 8 isolates from Saudi Arabia were used to construct a phylogenetic tree with 36 other TSV isolates.
The phylogenetic analysis was performed with MEGA v. 5 using the neighbor-joining (NJ) method (Tamura et al. 2011) . The data were resampled by 5000 bootstrap replicates to determine the con fidence indices. The CP2 sequences of 8 Saudi Ara bian isolates are deposited in the GenBank under accession numbers JQ356858 to JQ356865. In for mation on, and GenBank numbers of, the other 36 CP2 sequences are given in Wertheim et al. (2009) . 
RESULTS
WSSV and TSV outbreaks in Saudi Arabia
WSSV genotyping: VNTR analyses in ORF 125 and ORF 94
To characterize the WSSV genotype in Saudi Arabia, 15 WSSV representative isolates were analyzed (Table 1) . A Mozambique WSSV sample was included for comparison. We performed the VNTR analysis within the ORF 125, and all 16 samples were de tected with specific amplicons at sizes of 652, 722 or 792 bp. These amplicons were sequenced and analyzed for the number of RUs; the results showed 3 types of amplicons with 6, 7 and 8 RUs, respectively (Table 1) .
For VNTR analysis in ORF 94, we carried out the PCR with the primers ORF 94-F and ORF 94-R; this showed that only 6 Saudi Arabian WSSV isolates from Farms A and B were positive ( Fig. 2A , Lanes 1 to 4 showed representative isolates from each case; the isolate numbers are labeled under each lane) and that 2 types of amplicons were found, with 7 and 13 RUs, respectively (Table 1) . The other 9 isolates from Farms C and D and the Mozambique isolate were not amplified ( Fig. 2A, Lanes 5 to 8) . Thus, we selected a new pair of PCR primers (ORF 93-F1 and ORF 96-R1) that targeted the ORF 93 and ORF 96 for amplification; the PCR detected amplicons of 348 bp in size in these samples (Fig. 2B , Lanes 5 to 7) and in the Mozambique sample (Fig. 2B, Lane 8) . The ORF 93-F1 and ORF 96-R1 primers also amplified the 7 WSSV isolates from Farms A and B with a ~1.0 kb increment in size (Fig. 2B , Lanes 1 to 4). We sequenced the 348 bp PCR products from isolate no. 11-208/4 (Fig. 2B , Lane 6), and the nucleotide sequence showed deletions in ORF 93 (an 82 bp deletion at N-terminus), in ORF 94 and in ORF 95 (Fig. 3A) . We also sequenced the ~2.0 kb am plicons from isolate no. 11-065/6 (Fig. 2B , Lane 2) and confirmed the presence of 13 RUs within the ORF 94. The alignment of 348 bp (Fig. 2B , Lane 6) with the 1987 bp (Fig. 2B , Lane 2) amplicons showed a 1522 bp de letion (Fig. 3B) . Based on these VNTR results, we tentatively designated the WSSV genotype with the number of RU in both ORF 125 and ORF 94 as: {6 125 , 7 94 }, {7 125 , del 94 } and {8 125 , 13 94 } where N is the number of RUs in a specific ORF (indicated by a subscript), and 'del' stands for deletion.
TSV phylogenetic analysis
For TSV genotyping, 8 Saudi Arabian isolates were sequenced within the CP2 region; these 8 TSV sequences were very close, with a mean distance of 0.7%. The Saudi Arabian TSV (GenBank no. JX094350) shared 90% sequence identity with the reference isolate from Hawaii (collected in 1994, GenBank no. AF277675). We deter mined its genotype by constructing a phylogenetic tree comparing the Saudi Arabian isolates to 36 isolates from other areas; the result re vealed 5 major TSV lineages (Fig. 4) The reliability of the tree was examined by bootstrap analysis. The Saudi Arabian lineage was highly supported by the bootstrap value of 100%. Among the 8 isolates, 2 were collected from Farm C (SA/11a and SA/11c) and 6 were collected from Farm D, but they all appeared to have the same origin as they were strongly grouped together. Lineages from both Mexi co and Belize were also highly supported. The SE Asian and Venezuelan isolates were more heterogeneous but still clustered into their own groups, with bootstrap values of 71% and 84%, respectively.
DISCUSSION
Two highly virulent shrimp viruses, WSSV and TSV, have been detected in the Kingdom of Saudi Arabia. To determine the origins of these viruses, we performed genotyping studies and found a new ge notype in each of the WSSV and TSV isolates collected.
The WSSV genotyping data did not prove to be particularly useful in determining the origin of WSSV in Saudi Arabian shrimp farms. The WSSV isolates in Farms A and B have genotypes of {6 125 , 7 94 } and {8 125 , 13 94 }, respectively. In both cases, the numbers at each ORF are well within the variability reported for isolates from Asia and Latin America (Wongteerasupaya et al. 2003 , Dieu et al. 2004 , Hoa et al. 2005 , Musthaq et al. 2006 , Pradeep et al. 2008 , Muller et al. 2010 , Walker et al. 2011a . However, it is known that Farm A previously (late 1990s) cultured Penaeus monodon imported from SE Asia and that Farms A and B have struggled with intermittent outbreaks of WSSV since 2005.
It is possible that the shrimp were persistently infected with WSSV and white spot disease was not manifest at the culture temperature of 27 to 29°C. Thus, WSSV was not detected by PCR even though some shrimp were carriers. To detect dormant infections, farmers, as part of their health monitoring programs, recently began to use cold induction of viral replication by transferring the shrimp to a lower temperature (20 to 23°C) for 2 to 5 d and then sampling for WSSV PCR analysis. This practice is based on the theory that a low temperature will weaken the host's defense responses and allow WSSV replication (Vidal et al. 2001) . Thus, the viral infections could have persisted in the farmed populations undetected until mortalities became severe.
The genotype data were suggestive of the origin of WSSV on the other 2 infected farms. All of the WSSV isolates from Farms C and D were of the newly discovered WSSV genotype {7 125 , del 94 }, suggesting that the outbreaks on these farms originated from a common, but unidentified, source. In some outbreaks, the source of a virus can be determined by genotyping analysis coupled with the history of shrimp introductions, either live or from the commodity market. In isolates from these 2 Saudi Arabian farms, the WSSV genotype is unlike those from other geographic areas. Furthermore, at least one of the farms, Farm C, is known to have brought in wild adult Penaeus indicus from the Red Sea to use as broodstock, so this could be the origin of this new WSSV variant. However, little is known about the distribution of shrimp viruses in natural populations, and most information on the distribution is from disease outbreaks on farms. There is considerable variability in the tandem RUs among WSSV isolates both within and between geographic In this study, we discovered that the isolate of WSSV found in Penaeus monodon from Mozambique also has ORF 94 deleted, suggesting a possible phylogenetic relation, even though the Mozambique and Saudi isolates differ at ORF 125. The Red Sea connects to the Indian Ocean, where shrimp culture is common. The occurrence of the same deletion in ORF 94/95/93 may be explained by the mixing of shrimp subpopulations by southward currents along the east African coast. However, further study is needed to determine whether the ORF 94/95/93 deletion is characteristic for WSSV in wild crustaceans in the waters of this region.
The finding of a genotype with deletion in ORF 94/95/93 suggests that the number of RUs in ORF 94 cannot be used as a marker for all WSSV isolates. ORF 94, ORF 95 and ORF 93 were not all annotated with specific functions (Van Hulten et al. 2001) ; apparently, these ORFs are not essential for WSSV. Even larger deletions have been found in the WSSV genome, e.g. in ORF 14/15 (0.5 to 6 kb deletion) and in ORF 23/24 (13 kb) (Dieu et al. 2004 ), and they have been associated with a higher virulence (Marks et al. 2005) . The effect of the deletion in ORF 94/95/93 (1.5 kb) on virulence is not known.
A new TSV genotype was found in Saudi Arabia, and was shown to be distinct from TSV isolates currently found in SE Asia and Latin America. This indicates that the source of TSV in Saudi Arabia is probably not from im ported shrimp, contrary to other areas (e.g. Eritrea and Texas, USA), (Wert heim et al. 2009 ), unless the virus genome has changed substantially in adapting to a new host species (i.e. Penaeus indicus in this case). However, TSV has been found in a number of other penaeid shrimp species and at least one palaemonid shrimp, Macrobrachium rosenbergii, (Nielsen et al. 2005) without an accompanying alteration of the virus genome. TSV was first found in P. vannamei in Ecuador, but it was subsequently found to infect P. stylirostris, P. japonicus and P. monodon (see Table S1 in Wertheim et al. 2009 ) as well. Isolates cluster based on geographic region and not on the host. It is unlikely that the new TSV genotype evolved as the virus adapted to a different host. Thus, we believe that the new genotype discovered in Saudi Arabia is most likely from wild P. indicus stocks from the Red Sea. The 2 affected farms (Farms C and D) are in close proximity to each other, so if a viral disease outbreak occurs at one farm the disease could easily be spread to nearby farms, for example by seabirds (Garza et al. 1997 , Vanpatten et al. 2004 .
Both new types of WSSV and TSV were found at Farms C and D, and they were probably from the same origin, the Red Sea. Thus, to exclude these viruses, it is recommended that wild broodstock be frequently monitored by using the most sensitive diagnostic tools, such as PCR (and RT-PCR), to develop specific-pathology-free shrimp, and eventu- 
